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ABSTRACT 
Development and Validation of a Tibiofemoral Joint Finite Element Model and 
Subsequent Gait Analysis of Intact ACL and ACL Deficient Individuals 
 
Nicholas Czapla 
Osteoarthritis (OA) is a degenerative condition of articular cartilage that 
affects more than 25 million people in the US. Joint injuries, like anterior cruciate 
ligament (ACL) tears, can lead to OA due to a change in articular cartilage 
loading. Gait analysis combined with knee joint finite element modeling (FEM) 
has been used to predict the articular cartilage loading. To predict the change of 
articular cartilage loading during gait due to various ACL injuries, a tibiofemoral 
FEM was developed from magnetic resonance images (MRIs) of a 33 year male, 
with no prior history of knee injuries. The FEM was validated for maximum 
contact pressure and anterior tibial translation using cadaver knee studies. The 
FEM was used to model gait of knees with an intact ACL, anteromedial (AM) 
bundle injury, posterolateral (PL) bundle injury, complete ACL injury, AM 
deficiency, PL deficiency, complete ACL rupture, as well as a bone-patellar 
tendon-bone (BPTB) graft. Generally, the predicted maximum contact pressure 
and contact area increased for all the ACL injuries when compared to intact 
ACLs. While an increase in maximum contact pressure and contact area is an 
indication of an increased risk of the development of OA, the percent of increase 
was typically small suggesting that walking is a safe activity for individuals with 
ACL injuries. 
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CHAPTER 1 INTRODUCTION 
1.1 Osteoarthritis and the Knee 
 Osteoarthritis (OA) is one of the principal causes of chronic disability in the 
elderly and reportedly affected 26.9 million individuals living in the US in 2005 [1]. 
If current trends hold the number will only worsen, leading to an expected 67 
million adults living in the US diagnosed with arthritis by 2030 [2]. The financial 
cost of OA on the US health care system is staggering; total health care costs 
were $185 billion in 2007, averaging $2600 per person [1], [3]. It affects more 
than just an individual’s physical health: 18% of people with arthritis reported 
having major depression as well; 1 in 3 people suffering from arthritis reported 
arthritis-attributed work limitations; adults with arthritis reported having two to four 
times as many unhealthy days in the past month compared to those without 
arthritis; 21 million people with arthritis reported a significant limitation in daily 
activities, such as walking a quarter mile, climbing stairs or bending over [4]. 
OA is a joint disorder indicated by the deterioration and loss of the 
articular cartilage in joints over time. OA commonly affects the ankles, feet, 
hands, spine, neck and most predominantly the knees and hips [1], [5]. While it is 
not known exactly what causes OA, there are established indicators linked to a 
higher likelihood of developing OA such as genetic predisposition, gender, 
occupation, joint alignment and joint injury [6], [7]. At this time, there is no cure of 
OA and typical pharmaceutical remedies include analgesics and anti-
inflammatories [8]. Total joint replacement is still the standard surgery for 
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advanced, debilitating OA, reportedly costing a total of $32 billion in the US for 
knee and hip replacements in 2009 [1], [9].  
A considerable amount of work has gone into studying the underlying 
causes, mechanisms and possible deterrents of the onset of OA, especially in 
the knee [10-14]. A previous study showed that men with a history of knee injury 
were five times more at risk for developing OA [6]. Cruciate ligament injuries can 
lead to OA because the tear is associated with an increased articular cartilage 
contact stress due to the knee’s inability to adequately distribute loads [15]. 
Anterior cruciate ligament (ACL) tears are among the most common knee injury 
among the general population and athletes, affecting roughly 200,000 people 
every year [16], [17]. They are especially common among athletes participating in 
soccer, football, basketball and alpine skiing [18], [19].  
1.2 Anterior Cruciate Ligament 
The ACL is one of the four major stabilizing ligaments of the knee. It 
attaches to the medial side of the lateral condyle of the femur, traveling distally 
and anteriorly to attach to the anterior intercondylar eminence of the tibia [20]. 
The primary function of the ACL is to prevent excessive anterior tibial translation 
(ATT), with secondary functions being maintaining varus-valgus stability and 
prevention of excessive axial rotation [21]. Recent research has shown that there 
are actually two bundles associated with the ACL, the anteromedial (AM) and 
posterolateral (PL) [22]. Their names are associate with where each bundle 
attaches to the tibia. Each bundle has a distinct range of knee flexion where they 
are most effective: the effective range of the PL bundle is from full extension to a 
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flexion angle of about 30°; the effective range of the AM bundle is a flexion angle 
greater than 30° [23]. Tearing of either bundle changes knee kinematics, which 
changes the loading and stress in the tissue of the articular cartilage which can 
cause OA [11], [20], [23].  
ACL injuries can mean a variety of different things, from a bundle being 
slightly over stretched to a complete tear of both bundles; in some cases neither 
bundle tears, however the bone at the attachment site detaches from the rest of 
the bone. There are two main options for an ACL injured person: 1) physical 
therapy, and 2) reconstructive surgery followed by physical therapy [24]. Within 
the surgical solution, there are a variety of different procedures the surgeon can 
choose to perform such as isometric single bundle (SB) reconstructive surgery 
(RS), anatomic SB RS and anatomic double bundle (DB) RS [25-28]. Even once 
the surgery type is chosen, there are still a variety of graft types to choose from: 
Patellar tendon graft, Hamstring graft, Achilles tendon graft, ACL allograft [28-
31]. Even with a successful ACL RS it is important to perform proper physical 
therapy to reduce the likelihood of developing OA.  
1.3 Finite Element Analysis 
 The knee is a very complex structure and predicting how the loads 
propagate during certain activities and due to injuries can be quite difficult. 
Studies have determined knee loads during various activities but are limited to 
measuring the articular cartilage stress [32, 33]. A powerful method for predicting 
how the loads and stresses propagate through the knee joint is to use a finite 
element model (FEM) of the knee. An FEM is a computational model used when 
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physical experiments may be too time consuming, expensive or impossible. In 
the model, the geometry of the structure is created by assembling “meshed” 
versions of the underlying components, where each component is modeled as 
numerous finite elements. Each component then has the appropriate material 
properties, loading conditions and boundary conditions (BCs) applied to it. Finite 
element analysis (FEA) uses these conditions and material properties to 
determine a number of output variables including stress, strain, contact pressure 
and contact area. FEMs have already been used many times to analyze different 
components of the knee and overall knee kinematics [34-53] and only some of 
those have estimated articular cartilage stresses and strains [34-38, 40-42, 48, 
51-53]. A previous study modeled ACL grafts as springs to measure the ATT and 
internal tibial rotation due to variations in graft stiffness using an anterior tibial 
and quadriceps load [47], while another accurately modeled the ACL DB graft 
geometry to measure the change in length and tension of a DB reconstruction at 
various knee flexion angles [46]. However, none have modeled the knee joint 
using the ACL double-bundle model with realistic geometry or accurately 
modeled ACL injury and RS to predict articular cartilage stress and strain. It is 
clear, that to better understand how cartilage loading changes via ACL injuries, 
ACL RS and their association with OA, a more complete model must be 
developed. 
1.4 Objective 
 The long term goal of the human motion biomechanics (HMB) group at 
California Polytechnic State University, San Luis Obispo is to develop a validated 
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subject-specific FEM of the human knee to be used in clinical applications to 
determine patient specific short-term rehabilitative and long-term fitness 
sustainment exercises that may prevent the onset, or progression, of OA in 
patients with ACL injured or ACL reconstructed knees. As an initial step to the 
long term goals of this lab the specific aims of this project are to 1) create and 
validate a complete FEM of the tibiofemoral joint using a two-bundle model of the 
ACL and 2) predict articular cartilage tissue loading (contact pressure) for the 
knee during gait with healthy, ACL injured and ACL reconstructed knees. ACL 
injuries will be analyzed via parameter studies that 1) reduce the tissue modulus 
of the AM and PL bundles individually or simultaneously or 2) remove the AM 
and PL bundles individually or simultaneously. Anatomic SB ACL RS will be 
analyzed via bone-patellar tendon-bone (BPTB) graft one year post-operation.  
  
   
 
 
 
 
 
 
 
 
 
6 
 
CHAPTER 2 DEVELOPMENT 
2.1 Knee Structure Development 
 The knee structures were modeled from magnetic resonance images 
(MRIs), then meshed and assembled to form a FEM. Throughout the 
development stages various aspects of the knee joint were reviewed and 
approved by an orthopedic surgeon and radiologist. 
2.1.1 Subject Information 
 The structures of a right knee were built from 65 sagittal plane MRIs (GE 
Medical Systems, Ideal GRE, TR = 7.428 ms, TE = 4.16 ms, slice spacing = 1.5 
mm, flip angle = 45°, pixel spacing = .3156) of a healthy, 33 year old male with 
no prior history of injuries (Table 1). The tissue structures included in the FEM 
were: femur and tibia bone; medial and lateral menisici; femoral and tibial 
articular cartilage; ACL, posterior cruciate ligament (PCL), medial collateral 
ligament (MCL) and lateral collateral ligament (LCL). 
Table 1: Subject Information. 
Anatomic Location Right Knee 
Subject Age 33 
Subject Height 5’10” 
Subject Weight 185 lbs 
Subject Gender Male 
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2.1.2 Obtaining Structures 
 In each MRI all the tissue and bone structures present were manually 
shaded, a process called segmenting, to form 2-D masks of that structure using 
Mimics (Materialise NV, Leuven, Belgium). A rough 2-D mask for each structure 
was first created using the Mimics “threshold” command that allows the user to 
select pixels that fall within a user-defined grey-scale intensity. The masks were 
then refined manually using the erase and draw tools. The 2-D masks were 
reviewed by an orthopedic surgeon and a radiologist to ensure proper selection 
of the particular structure. 
Once all the images were properly segmented, the 2-D masks for a given 
structure were combined to form a 3-D object. For every structure except the tibia 
and femur, the 3-D object was created using the “high quality” generation. Due to 
the fact that the MRIs are only an incremental view of the knee, some 3-D 
objects had sharp edges that would prove to be difficult in the meshing process; 
these edges were softened with Mimics’ built in Gaussian smoothing function 
with a smoothing factor of .8 and 500 iterations for the tibia and femur and a 
smoothing factor of .8 and 200 iterations for all other structures. To ensure that 
the smoothing process didn’t change the 3-D object too much, 2-D masks of the 
smoothed 3-D objects were made and compared to the original 2-D masks of 
each structure. When the 3-D object was shown to properly represent the given 
structure, the surface of the 3-D object was saved as a .stl file and imported into 
SolidWorks (Dassault Systemes, Velizy-Villacoublay, France). Figure 1 shows an 
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example of the MRIs with and without the ACL mask and the resulting smoothed 
3-D object of the ACL. 
       
 
Figure 1: MR image with A) No mask. B) ACL mask. C) Resulting 3-D object of 
the ACL. 
 Each .stl file was opened in SolidWorks as a mesh file using the 
“ScanTo3D” add-in. In the case of the articular cartilage and menisci, the 
structures had tightly curved edges which could cause problems meshing the 
A) B) 
C) 
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structures accurately. To avoid these problems before they arose, these curved 
edges were flattened. This was done by selecting the curved edge portion of the 
mesh and deleting it. Doing so left two separate meshes that represented the top 
and bottom surfaces of the structures. The edges of the two surfaces were then 
smoothed to enable a surface connecting the top and bottom surfaces to be 
created using the surface loft tool. This process is shown in Figure 2. 
 
Figure 2: Lateral Tibial Cartilage: A) Surface Mesh Imported from Mimics. B) 
Selected Curved Edges to be deleted. C) Smoothed Surface Edges after Curved 
Edges have been deleted. D) Flat Surface Lofted connecting the Smoothed 
Surface Edges. 
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 The PCL, tibia and femur did not have tightly curved edges that needed to 
be flattened. However, if there were any sharp points that the smoothing process 
in Mimics missed they were smoothed while the structure was still a mesh, using 
the “Mesh Prep Wizard” in SolidWorks’ “ScanTo3D” add-in. The sharp points 
were deleted and the resulting hole was replaced with a smooth surface 
automatically generated using the “Mesh Prep Wizard”. This process is shown in 
Figure 3. Once all the sharp points were smoothed and curved edges flattened, 
the meshed structures were converted into solids for partitioning and assembly.  
 
Figure 3: PCL Before (A) and After (B) sharp points were smoothed. 
 The PCL, tibia, femur, articular cartilage and menisci were then 
assembled together to form the knee joint. Slight overlaps between the bones, 
articular cartilage and menisci appeared once the knee was assembled that 
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would cause the finite elements to excessively distort during the analysis which 
could prevent the FE solver from converging to a solution. It was decided that 
any overlap with bone and articular cartilage would be fixed by removing the 
overlapped volume from the articular cartilage. For menisci and articular cartilage 
overlap, the overlapped volume would be removed from the menisci. During this 
process, sharp corners were occasionally created after the overlaps were 
removed. These sharp corners were removed in SolidWorks by creating surfaces 
to cut them away. An example of this can be seen in Figure 4. 
 
Figure 4: Example of slight overlap between tibia and lateral tibial cartilage. 
The AM and PL bundles were not imported into SolidWorks from Mimics 
because it is extremely difficult to decipher the separation of the two bundles on 
MRIs. This meant that the AM and PL bundles had to be manually built in 
SolidWorks from published data on their attachment sizes and locations [54-57]. 
The AM and PL bundle femoral attachment sites were modeled as circles with a 
radius of 3.6 and 3.3 mm, respectively. The AM and PL bundle tibial attachment 
sites were modeled as ellipses with major axis half-lengths of 6.45 and 5.89 mm, 
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respectively, and minor axis half-lengths of 3.3 and 2.8 mm, respectively. A more 
detailed anatomical description of the AM and PL bundles can be seen in Table 
2. The two bundles were only considered acceptable after the orthopedic 
surgeon approved their location, attachment size, and volume.  
Table 2: Anatomical description of AM and PL bundles [54-57]. 
 AM Bundle PL Bundle 
Femoral attachment radius 3.6 mm 3.3 mm 
Center to center distance of Femoral sites of AM to PL N/A 7.0 mm 
Angle from vertical of Femoral sites from AM to PL centers N/A 12.0 ° 
Femoral attachment area 42.4 mm
2 
36.0 mm
2 
Tibial attachment major axis half length 6.45 mm 5.89 mm 
Tibial attachment minor axis half length 3.3 mm 2.8 mm 
Tibial attachment area 71.3 mm
2
 55.7 mm
2
 
Lateral center-to-center dist. of AM to PL tibial attachment N/A
 
1.8 mm 
Posterior center-to-center dist. of AM to PL tibial attachment N/A 6.3 mm 
Volume 1113.1 mm
3
 640.0 mm
3
 
 
 Since the MRIs were taken from a healthy individual, the BPTB graft had 
to be modeled in SolidWorks. As mentioned earlier, the surgery type modeled in 
this study is an anatomic SB RS using a BPTB graft. An anatomic SB RS is 
named as such because the femoral and tibial attachment sites of the graft are 
located in between the anatomical locations of the AM and PL bundle 
attachments. It has been reported in goats and rabbits that at one year post-
operation the graft is similar in size to the intact ACL [58], [59]. With this 
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information it was decided that the size and attachment locations of the BPTB 
graft would be similar to an intact ACL [54, 56]. The femoral attachment was 
modeled as an ellipse with a major axis half-length of 7.01 mm and a minor axis 
half-length of 4.23 mm. The tibial attachment was modeled as a circle with a 
radius of 6.20 mm. A more detailed anatomical description of the BPTB graft can 
be seen in Table 3. The BPTB graft was only considered acceptable after the 
orthopedic surgeon approved the location, attachment size, and volume.  
Table 3: Anatomical description of the BPTB graft [54, 56, 58, 59]. 
Femoral attachment major axis half length 7.01 mm 
Femoral attachment minor axis half length 4.23 mm 
Angle from vertical of Femoral attachment 11.0° 
Femoral attachment area 96.04 mm2 
Tibial attachment radius 6.20 mm 
Tibial attachment area 126.84 mm2 
Volume 1731.20 mm3 
 
 The complete structure of the MCL and LCL are often times not seen in 
MRIs, as was the case with this subject. This meant that both ligaments had to 
be manually built in SolidWorks from published data on their attachment sizes 
and locations [60-65]. Because the fibula is not included in this FEM, the fibular 
attachment of the LCL was not modeled. Instead, the LCL was cut in half with the 
distal face of the LCL sized to the average size of an LCL. The femoral 
attachment of the LCL and MCL were modeled as ellipses with major axis half-
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lengths of 4.81 and 6.80 mm, respectively, and minor axis half-lengths of 3.35 
and 3.75 mm, respectively. The tibial attachment of the MCL was also modeled 
as an ellipse with a major axis half-length of 16.34 mm and a minor axis half-
length of 10.10 mm. A more detailed anatomical description of the LCL and MCL 
can be seen in Table 4 and Table 5, respectively. The two ligaments were only 
considered acceptable after the orthopedic surgeon approved their location, 
attachment size, and volume. 
Table 4: Anatomical description of the LCL [60-65]. 
Femoral attachment major axis half length 4.81 mm 
Femoral attachment minor axis half length 3.35 mm 
Femoral attachment area 50.6 mm2 
Distal section major axis half length 2.13 mm 
Distal section minor axis half length 1.08 mm 
Distal section area 7.23 mm2 
Length from top of femoral attachment to distal section 31.51 mm 
Volume 227.67 mm3 
 
Table 5: Anatomical description of the MCL [60-65]. 
Femoral attachment major axis half length 6.80 mm 
Femoral attachment minor axis half length 3.75 mm 
Femoral attachment area 80.24 mm2 
Tibial attachment major axis half length 16.34 mm 
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Tibial attachment minor axis half length 10.10 mm 
Tibial attachment area 270.68 mm2 
Center-to-center length 80.73 mm 
Volume 4592.91 mm3 
 
After all the ligaments were built and overlaps removed, the entire knee 
joint assembly was once again reviewed by the orthopedic surgeon before any 
further work was done. The approved SolidWorks knee joint can be seen in 
Figure 5. 
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Figure 5: Anterior and Posterior view of assembled knee joint. Ligaments are 
yellow, bone is grey, articular cartilage is cyan, menisci are purple, AM bundle is 
blue, PL bundle is red, BPTB graft is green. 
Anterior 
Anterior 
Posterior 
Posterior 
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2.1.3 Partitioning Structures 
After some trial and error it was discovered that partitioning the structures 
was easily done in SolidWorks. Partitions are curves used to apply the best 
possible mesh to a part. The purpose of the part affected the way the part was 
partitioned; bones, which were modeled as rigid bodies (see Section 2.2.1), only 
had partition curves applied to the surface of the part; soft tissue structures, not 
modeled as rigid bodies (see Section 2.2.1), had partition curves applied to both 
the surface and the inside of the part, Figure 6. 
 
 
Figure 6: A) Femur with partitioning lines used for meshing. B) PCL with 
partitioning lines used for meshing. 
 The partitioning curves of the femur and tibia were created by projecting 2-
D curves onto their respective surfaces. For the soft tissue structures, planes 
18 
 
were created to cut up the structure into smaller solid structures. The partitioning 
curves were then applied to the faces of the cut portions. Any partition curves not 
on the cut faces were created by projecting 2-D curves onto the surface of the 
structure. The locations of the partitioning curves were decided after meshing 
trial and error. After a structure was partitioned, it was saved as a .igs file and 
exported to TrueGrid (XYZ Scientific Applications, Inc., Livermore, California, 
USA). 
2.1.4 Meshing Structures 
 TrueGrid is a meshing program that allows the user to create meshes of 
geometries that have been imported into or built in TrueGrid, then export those 
meshes to various FE programs. The “iges” command opens .igs files and 
automatically creates and numbers surfaces, edges and curves from the 
imported geometry. The faces and edges of computational blocks created using 
the “block” command, can then be projected onto the surfaces, edges and curves 
created from the “iges” command.  
 As mentioned earlier the bones only had partitioning curves applied to the 
surface, this is because they were meshed using 3-D surface elements, R3D4. 
To do this, a 2-D array of elements were created using the block command then 
trimmed using the “dei” command. They were trimmed in a way that would best 
wrap around the bone. The computational edges and faces were then projected 
to the appropriate curves and surfaces using the “cure” and “sfi” commands, 
respectively. The computational blocks were then refined to better map the 
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curves and surfaces using the “mseq” command. An example of this involving the 
tibia can be seen in Figure 7. 
 
 
Figure 7: A) Surfaces and curves of the tibia created from "iges" command. B) 
Trimmed 2-D array of computational blocks created with "block" command. C) 
Unrefined projection of computational blocks onto tibia geometry. D) Refined 
projection of computational blocks onto tibia geometry. 
C) 
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 A similar process was done with the soft tissue structures, except that the 
complexity level was increased because they required a 3-D array of 
computational blocks to properly mesh each structure. The soft tissue structures 
were meshed using linear brick elements, C3D8. An example of this involving the 
PL bundle can be seen in Figure 8.  
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Figure 8: A) Surfaces and curves of the PL bundle created from "iges" command. 
B) Trimmed 3-D array of computational blocks created with "block" command. C) 
Unrefined projection of computational blocks onto PL geometry. D) Refined 
projection of computational blocks onto PL geometry. 
The “merge” command was then used to remove any free edges in the 
meshed part. Free edges occur when faces or edges of two different 
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computational blocks are projected to the same surface or curve, but nothing is 
defined to tell the FE solver that these faces or edges are actually representing 
the same thing. Once finished, the meshed structure was saved as a .inp file and 
exported to Abaqus (Dessault Systemes, Velizy-Villacoublay, France) for 
assembly and analysis of the FEM. The knee joint assembled with meshed 
structures in Abaqus can be seen in Figure 9.  
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Figure 9: Anterior and Posterior view of meshed knee joint. Ligaments are yellow, 
bone is grey, articular cartilage is cyan, menisci are purple, AM bundle is blue, 
PL bundle is red, BPTB graft is green. 
Anterior 
Anterior 
Posterior 
Posterior 
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2.2 Finite Element Model Development 
 Abaqus is a FE solver that offers both pre- and post-processing 
capabilities. The pre-processing capabilities used include material definition, 
contact interaction, and boundary and loading conditions. The post-processing 
capabilities were used to analyze the results of the validation and gait study. The 
standard/implicit Abaqus solver with non-linear geometry was used for each 
analysis.  
2.2.1 Material Definition 
 As mentioned earlier the tibia and femur were modeled as rigid bodies. 
This method has been done in previous FE studies because of the high stiffness 
of bone when compared to other soft tissue [34, 42, 49]. It has been shown to 
only have a marginal effect on the predicted stresses and strains within soft 
tissue structures when compared to models using more complicated bone 
material definitions [43].  The bones were defined as solids by defining the 
imported mesh as a 3-D, discrete rigid body in the Part module. Doing so meant 
that the bones’ motions are only described with rigid body translations and 
rotations.  
 The articular cartilage was modeled as a linearly elastic, homogeneous, 
isotropic material with a Young’s modulus (E) of 15 MPa and a Poisson’s ratio (ν) 
of .475, equivalent to previous studies [43, 66]. In reality articular cartilage is 
more accurately modeled as a biphasic, poroviscoelastic material [67]. The 
mechanical structure consists mainly of a collagen fibril network, whose 
orientation and concentration are both depth-dependent, and proteoglycans [68], 
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[69]. However, modeling the articular cartilage as a linearly elastic, homogenous, 
isotropic material is adequate for modeling the almost instantaneous load from 
gait because the viscoelastic time constant approaches 1500s [70].  
 The menisci were also modeled as linearly elastic, homogeneous, 
isotropic materials with a Young’s modulus (E) of 50 MPa and a Poisson’s ratio 
(ν) of .49, equivalent to previous studies [41, 42]. As with the articular cartilage, 
the menisci are much more complicated than this, showing distinct transversely 
isotropic, visco- and poroelastic material characteristics [71]. One of the 
viscoelastic characteristics is a large time constant, which allows a linearly 
elastic, homogeneous, isotropic model to be adequate for the short loading times 
seen in gait. 
 The ligaments were modeled as linearly elastic, transversely isotropic 
materials with the longitudinal direction aligned with the ligament length. The 
ACL, PCL, LCL and MCL have been shown to have very similar properties, even 
being reported as having the same material properties [72, 73]. It has also been 
shown that the AM and PL bundles have very different properties [74]. Using this 
information, it was decided that the four ligaments would be modeled using the 
same material properties. However, the longitudinal and transverse tensile 
moduli for the ACL were considered effective moduli used to calculate the moduli 
of the AM and PL bundle based off of the volume ratios of the bundles. 
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Reported values of the transverse-transverse shear modulus could not be 
found, so the one used was calculated by equating the ratio of it with the 
longitudinal-transverse shear modulus to the ratio of the transverse tensile 
modulus with the longitudinal tensile modulus.  
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The longitudinal-transverse Poisson’s ratio was taken from reported 
values of hip ligament Poisson’s ratio. The final material properties were 
averaged from available published data, based on the total number of specimen 
in all the studies [72-78]. When modeling an AM bundle injury, PL bundle injury 
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or total ACL injury, the longitudinal and transverse moduli of the affected bundle 
were reduced by 50%. A complete list of the material properties used for the 
ligaments are shown in Table 6. 
 The patellar tendon can be modeled accurately as a linearly elastic, 
transversely isotropic material with a longitudinal tensile modulus that is much 
larger than the ACL, LCL, MCL and PCL [72, 79, 80]. Despite this fact, when 
BPTB grafts in cadaver knees are analyzed they consistently have a tensile 
stiffness and modulus much lower than the intact ACL [81-83]. This trend isn’t 
unique to BPTB grafts, similar results have been reported for Achilles tendon 
grafts [84-85]. The mechanical properties of the graft are typically lowest soon 
after the surgery, gradually increasing until they level off to roughly 40% of the 
intact ACL at one year following the operation. Since the BPTB graft modeled is 
one year post-operation, its material characteristics were determined by reducing 
the ligament material characteristics by 60%. A complete list of the material 
properties used for the BPTB graft are shown in Table 6. 
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Table 6: Ligament Properties [72, 79-85]. 
 LCL/MCL/
PCL 
AM 
bundle 
PL 
bundle 
BPTB AM 
Injury 
PL 
Injury 
Longitudinal Modulus (EL) (MPa) 153.7 212.2 115.6 61.5 106.1 57.8 
Transverse Modulus (ET) (MPa) 5.1 7.1 3.9 2.04 3.5 1.9 
Longitudinal-Transverse Shear 
Modulus (GLT) (MPa) 
1.7 1.7 1.7 .68 1.7 1.7 
Transverse-Transverse Shear 
Modulus (GTT) (MPa) 
.06 .06 .06 .02 .06 .06 
Longitudinal-Transverse Poisson’s 
ratio (νLT) 
1.4 1.4 1.4 1.4 1.4 1.4 
Transverse-Transverse Poisson’s 
ratio (νTT) 
.3 .3 .3 .3 .3 .3 
 
2.2.2 Contact Definition 
 There were 10 contact pairs defined between structures using a surface-
to-surface contact: 
1. Femoral cartilage and lateral meniscus 
2. Femoral cartilage and lateral tibial cartilage 
3. Lateral tibial cartilage and lateral meniscus 
4. Femoral cartilage and medial meniscus 
5. Femoral cartilage and medial tibial cartilage 
6. Medial tibial cartilage and medial meniscus 
7. AM bundle and PL bundle (when applicable) 
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8. AM bundle and PCL (when applicable) 
9. PL bundle and PCL (when applicable) 
10. BPTB graft and PCL (when applicable) 
For the cases of contact between articular cartilage and articular cartilage 
or articular cartilage and meniscus a hard-contact, frictionless, finite sliding 
formulation was used, similar to previous FE studies [42], [43], [86]. For the 
remaining cases a hard-contact, frictionless, small sliding formulation was used.  
2.2.3 Constraint Definition 
 The 12 tie constraints defined to represent the attachment of soft tissue to 
bone and their discretization method were: 
1. Femur and AM bundle (Node-to-surface) 
2. Femur and femoral cartilage (Surface-to-surface) 
3. Femur and LCL (Analysis default) 
4. Femur and MCL (Analysis default) 
5. Femur and PCL (Analysis default) 
6. Femur and PL bundle (Node-to-surface) 
7. Tibia and AM bundle (Node-to-surface) 
8. Tibia and lateral tibial cartilage (Analysis default) 
9. Tibia and MCL (Node-to-surface) 
10. Tibia and medial tibial cartilage (Analysis default) 
11. Tibia and PCL (Analysis default) 
12. Tibia and PL bundle (Analysis default) 
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In all constraints the bone was defined as the master surface. For 
Abaqus/Standard the analysis default is surface-to-surface unless the following 
circumstances are met: 
1. If either of the surfaces being tied is node-based 
2. If the projection along the slave surface normal direction does not 
intersect the master surface 
3. If single-sided slave and master surfaces have surface normal in 
approximately the same direction 
The surface-to-surface formulation minimizes numerical noise for tied 
interfaces involving mismatched meshes because it enforces the constraint over 
a finite region rather than at discrete points. This method was used when none of 
the nodes on the slave surface started too far from the master surface. The 
node-to-surface discretization was used when some of the slave nodes were 
initially too far from the master surface. The analysis default discretization was 
used when it was uncertain if the surface-to-surface or node-to-surface 
discretization would produce less difficulties for Abaqus.  
2.2.4 Meniscal Attachment Constraints 
 Each meniscal attachment horn was modeled with a single linear spring 
element connecting the central node on the meniscal attachment face to a node 
on the tibia. The attachments of each spring can be seen in Figure 10. The 
spring used was type “SPRINGA” which strictly uses the change in length in the 
spring between the initial and deformed configurations to determine the spring 
displacement. The stiffness’s of the springs used in each attachment horn were 
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taking from published data of the attachment horn’s stiffness [87], shown in Table 
7.  
 
Figure 10: Meniscal Attachment Springs. Medial Anterior Horn is light green, 
Medial Posterior Horn is dark green, Lateral Anterior Horn is red, and Lateral 
Posterior Horn is yellow. 
Table 7: Meniscal Attachment Horn Stiffness [34]. 
Attachment Location Horn Stiffness (N/mm) 
Lateral Anterior Meniscus Horn 215.8 
Lateral Posterior Meniscus Horn 129.5 
Medial Anterior Meniscus Horn 169.4 
Medial Posterior Meniscus Horn 207.2 
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The rest of the nodes on the meniscal attachment face were tied to the 
central node using a kinematic coupling constraint. The kinematic coupling 
constrains the motion of the nodes on the meniscal attachment face to follow the 
rigid body motion of the central node.  
2.2.5 Lateral Collateral Ligament Distal Face Constraints 
 As mentioned earlier, the LCL was cut in half because the fibula was not 
included in this model. This meant that constraints had to be attached to the 
distal portion of the LCL to prevent it from inaccurately moving. A rotational BC 
was applied to all the nodes on the distal face of the LCL, fixing the three 
rotational degrees of freedom (DOFs). The translational DOFs were constrained 
by attaching a spring element in each of the three translational directions to each 
node on the distal surface. The direction of each spring was defined using the 
Knee Alignment coordinate system (see Section 2.2.6), with the longitudinal 
spring in the proximal/distal direction and the two transverse springs in the 
anterior/posterior and medial/lateral directions. The springs used were type 
“SPRING1” which are only defined using one node. The relative change in length 
of the spring is computed from displacement of each node in the spring’s 
specified direction. The stiffness of the longitudinal springs applied to each node 
were taken from the reported stiffness of knee ligaments [75, 76] divided by the 
total number of nodes on the distal surface (96), while the stiffness of the 
transverse springs were determined by maintaining the same ratio seen in 
longitudinal modulus to transverse modulus, Table 8.  
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Table 8: LCL Longitudinal and Transverse Spring Stiffness [75, 76]. 
LCL Spring 
direction 
Ligament Stiffness 
(N/mm) 
Applied Spring Stiffness 
(N/mm) 
Longitudinal 255 2.66 
Transverse 8.5 .089 
 
2.2.6 Knee Alignment Orientation 
 A local Knee Alignment orientation was built to ensure that loads and BCs 
were applied in their intended directions. In Abaqus a local Cartesian coordinate 
system is one that is described by three perpendicular axes but can have the 
origin placed anywhere after the coordinate system is defined. A temporary origin 
was defined at a node on the tibial plateau, then a datum axis representing the 
medial/lateral direction was built using the origin and another node that appeared 
to be purely medial from the origin based off of observations made of the tibial 
plateau. A datum axis representing the anterior/posterior direction was built using 
the origin and another node that appeared to be purely anterior from the origin 
based off of observations made of the tibial plateau. A datum axis that was 
perpendicular to both the medial/lateral and anterior/posterior datum axes 
represented the proximal/distal axis. The three datum axes were combined to 
form the Knee Alignment orientation. The Knee Alignment orientation was 
aligned with the tibial coordinate system because that was the coordinate system 
the collected gait data were in (see Section 2.4.1). To apply BCs and loads to the 
femur the Knee Alignment orientation origin was applied to the knee joint center 
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(see Section 2.2.7), while the BCs and loads applied to the tibia used the Knee 
Alignment orientation with the origin at a centrally located node on the tibial 
plateau.   
2.2.7 Knee Joint Center 
 The knee joint center (KJC) is the center of rotation of the knee, however 
there is some debate on the exact location of this. The musculoskeletal modeling 
software OpenSim (National Center for Simulation in Rehabilitation Research, 
Stanford University), used to analyze dynamic simulations of the human 
musculoskeletal system [88], defines the KJC at the midpoint of the femoral 
epicondyles [89]. This definition seems adequate for the medial/lateral location 
but does little to describe the anterior/posterior or proximal/distal location. 
Studies have been performed that measure the sensitivity of joint moments due 
to choosing different KJC and translation of KJC throughout walking [90], [91], 
however they still do not provide a definite location of the KJC. 
 Due to this uncertainty, a trial and error approach was adopted to find the 
KJC of the FEM. The final KJC was deemed successful because it was the only 
location that successfully validated the maximum Tibiofemoral (TF) contact 
pressure for all validation cases (See Section 2.3.1). This point lied on the 
surface of the femur, in between the femoral epicondyles as defined by 
OpenSim. It was also chosen because it aligned best with the center of the 
femoral epicondyles when they were approximated as circles (Figure 11).  
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Figure 11: Location of KJC shown in red. 
2.2.8 Automatic Stabilization 
 This FEM is highly nonlinear in geometry due to the possibility of buckling 
in the ligaments and contact issues between the articular cartilage, menisci and 
ligaments. This nonlinearity can manifest itself as instabilities in the FE solver 
resulting in an inability to converge to a solution. Abaqus has a built in automatic 
stabilization scheme to help with these instabilities without having to resort to a 
dynamic solver or inserting discrete dashpots. There are a few options for 
automatic stabilization, but the one used in this study was the “specifying a 
constant damping factor” option. For a detailed description of how Abaqus uses 
automatic stabilization with specifying a constant damping factor, refer to 
Appendix A. Care was taken to ensure that the automatic stabilization was not 
negatively affecting the FE predictions. This was done by measuring the ratio of 
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viscous forces (VF) to total forces (TF), checking to see if the viscous forces 
become dominant in the analysis, in accordance with the Abaqus User’s Manual. 
A damping factor of .0002 was used to validate the ATT of the healthy and AM 
deficient knee as well as the strain in the AM bundle under anterior load, while a 
damping factor of .002 was used to validate the articular cartilage contact 
pressure (see Section 2.3.1). Due to the fact that the primary focus of this study 
was to examine the changes to articular cartilage loading, the damping factor 
used to validate articular cartilage contact pressure (.002) was used. 
2.2.9 Mesh Convergence 
 A mesh convergence study was performed on the articular cartilage, AM 
bundle, PL bundle and BPTB graft. The articular cartilage was chosen because 
accurately analyzing these structures is crucial due to the focus on OA. The ACL 
bundles and BPTB graft were chosen because it was vital to this study to see the 
effects of ACL deficient and ACL RS knees during gait. The first step of this 
convergence study was to create multiple versions, each with a different mesh 
density, of these structures. The way these structures were meshed in TrueGrid 
meant the nodes representing the corners of computational blocks did not move 
regardless of mesh density. These nodes made up a node set for their structures 
to be used in the analysis portion of the convergence study. 
 The loading and BCs used were typical knee forces, moments and flexion 
angles seen during gait [89] applied to the KJC. For the articular cartilage, the 
nodes in the node set tracked contact pressure as the mesh density increased, 
while the nodes in the node set for the ACL bundles and BPTB graft tracked the 
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maximum principal stress. Figure 12 shows the nodes used in the mesh 
convergence study. Figure 13 shows the values of sample nodes for some of the 
structures plotted against the DOFs of said structure.  
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Figure 12: Mesh Nodes of the femoral cartilage (FC), medial tibial cartilage 
(MTC), lateral tibial cartilage (LTC), PL, AM and BPTB meshed structures used 
in the Mesh Convergence Study. 
FC, 
Anterior 
FC, 
Superior 
MTC LTC 
PL AM BPTB 
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Figure 13: Sample of Convergence study results of the AM bundle, PL bundle, 
Femoral Cartilage (FC), and Medial tibial Cartilage (MTC). 
 Due to the fact that each structure is a different size, they are considered 
converged at different number of DOFs: Femoral cartilage converged at 85785 
DOFs and 22368 elements, medial tibial cartilage converged at 27600 DOFs and 
6654 elements, lateral tibial cartilage converged at 28476 DOFs and 6948 
elements, AM bundle converged at 21000 DOFs and 6264 elements, PL bundle 
converged at 3813 DOFs and 1024 elements, and the BPTB graft converged at 
8352 DOFs and 2415 elements. The converged FEM had 304602 DOFs and 
86626 elements. It should be noted that the locations of the nodes used in this 
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study are an artifact of the meshing technique used, not necessarily in the 
location of the predicted peak contact pressure or Von Mises stress. 
Furthermore, stress concentrations occurred on the articular cartilage due to the 
sharp edges on the medial and lateral meniscal meshes. For these reasons, 
output variable readings away from the nodes used in the convergence study 
should be used with caution. However, because of the good convergence 
achieved at the nodes used the mesh was considered to be satisfactorily 
converged.  
2.3 Model Validation 
 Validation of a FEM is one of the most important aspects of the 
development stages because it allows the user to have more trust in the results 
of a particular study. This model was validated using four human cadaver knee 
studies: two measuring maximum contact pressure of the medial and lateral tibial 
cartilage due to a compressive load at various flexion angles [92, 93]; one 
measuring the ATT for intact ACL and AM deficient knees due to an anterior tibial 
force [27]; one measuring the strain in the AM bundle due to an anterior tibial 
force [94]. 
 For each validation study, two steps were created in Abaqus to replicate 
the experiment: 1) An equilibrium step that attached all the tie constraints, 
applied the desired flexion angle and allowed the joint to move into its natural 
position, 2) a loading step that applied the appropriate BCs and loads to the KJC 
and a node centrally located on the tibial plateau.  
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2.3.1 Maximum Tibiofemoral Contact Pressure 
 The first study used to validate the maximum TF contact pressure was 
performed by Seitz et al. [92]. During the experiment the examiners removed fat, 
muscle and the Patellofemoral (PF) joint to measure the contact pressure and 
area of the TF joint underneath the menisci at a flexion angle of 0° with applied 
compressive loads of 500 N and 1000 N. During loading the tibia was fixed, while 
the femur was allowed to translate in the anterior/posterior and medial/lateral 
directions as well as rotate internally/externally around its longitudinal axis.  
 In the equilibrium step the femur was fixed at the KJC and the tibia was 
free to move in all six DOFs. In the loading step a concentrated force of 500 N 
(1000 N when applicable) was applied to the node stated above on the tibial 
plateau and all DOFs were fixed except the proximal/distal translation. The femur 
had the BCs from the experiment applied to the KJC. 
 The second study used to validate the maximum TF contact pressure was 
performed by Morimoto et al. [93]. During the experiment the examiners removed 
the semitendinosus and gracilis tendons to measure the contact pressure and 
area of the TF joint underneath the menisci with an applied compressive load of 
1000 N at flexion angles of 15° and 30° using a pressure film. The flexion angle 
was set by moving the femur in the coronal plane and locking it in position, while 
the tibia was allowed to translate in the anterior/posterior and medial/lateral 
directions as well as rotate internally/externally around its longitudinal axis during 
loading. 
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 In the equilibrium step the tibia was free to translate in the 
anterior/posterior, medial/lateral and proximal/distal directions while the femur 
had the flexion angle set to 15° (30° when applicable) and was free to move in 
the proximal/distal direction and in the adduction/abduction and internal/external 
rotations. These BCs were chosen for the equilibrium step because it was felt 
that they produced the most realistic knee alignment for a given flexion angle. In 
the loading step the tibia had the BCs from the experiment applied, while the 
femur was free to move in the proximal/distal direction and rotate in the 
varus/valgus direction. The loading was done by applying a concentrated load of 
1000 N to the KJC.  
2.3.2 Anterior Tibial Translation 
 Due to the fact that restraining ATT is the ACL’s primary function, ATT 
was considered an important parameter to validate the double bundle ACL. An 
experiment performed by Zantop et al. [27] that measured the ATT due to a 134 
N anterior tibial force of intact ACL and AM deficient knees was used to validate 
the FEM. During the experiment the femur and tibia were potted in a robotic 
system with six DOFs, similar to other systems used to measure various knee 
kinematics and in situ forces [95, 96]. The system fixed the femur in space, fixed 
the tibia in every DOF except the anterior/posterior direction and applied a 134 N 
force to the tibia. The ATT was directly measured from the displacement of the 
robotic system.  
 During the equilibrium step the femur was fixed in space while the tibia 
was free to move in all six DOFs. During the loading step the femur was fixed in 
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space while the tibia was allowed to only move in the anterior/posterior direction, 
with a load of 134 N applied to the tibia.    
2.3.3 Anteromedial Bundle Strain 
 The properties of the AM bundle were validated against a cadaver study 
performed by Berns et al. [94]. During the study, the experimenters measured the 
strain of the AM bundle after an anterior load of 140 N was applied to the tibia of 
knees with intact ACLs. The femur and tibia were placed in a robotic system 
similar to the one used by Zantop et al. [27] which had six DOFs and the ability to 
apply loads in multiple directions. As with the ATT experiment, the femur was 
fixed in space while the tibia was free to move in the anterior/posterior direction 
while a load of 140 N was applied. The strain in the AM bundle was measured 
using liquid mercury strain gauges (LMSGs). 
 During the equilibrium step the femur was fixed in space while the tibia 
was free to move in all six DOFs. During the loading step the tibia was restrained 
to only move in the anterior/posterior direction, with a load of 140 N applied to the 
tibia.   
2.4 Gait Analysis 
A non-compensated gait study was performed using the validated FEM 
knee joint described above. It was considered non-compensated because gait 
loads from healthy individuals were applied to FE knee joints modeling ACL 
deficiencies or ACL RS, when in fact it is well reported that gait changes after 
ACL injury and RS [97-102]. An ACL deficient compensated gait study could not 
be performed due to the lack of complete ACL deficient gait data available.  
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2.4.1 Finite Element Gait Analysis 
 The non-compensated gait analysis used data collected in collaboration 
with the CSU Fort Collins Physical Activity Energetic and Mechanics Laboratory 
(PAL) as outlined in a previous gait analysis [103]. The biomechanics of each 
participant were quantified using a force measuring treadmill and 10-camera 
motion capture system that tracked passive reflectors placed on the participant’s 
body. The TF kinematics were calculated using OpenSim’s inverse kinematics 
analysis, while the TF forces were calculated using OpenSim’s Joint Reaction 
analysis. While the action of gait is a continuous motion with continuously 
changing forces and kinematics, previous studies have modeled discrete points 
in gait as a quasi-static analysis. The forces and moments were normalized by 
the average bodyweight of the participants in the study then multiplied by the 
bodyweight of the FEM subject. As mentioned earlier the functions of the ACL 
include restraining ATT, excessive axial rotation and maintaining proper varus-
valgus alignment and as such the points of gait analyzed were chosen based off 
of relatively high loading of these functions. The flexion angles, TF forces and 
moments for the six discrete points used to analyzed gait are shown in Table 9. 
These forces and moments are reported in a tibial coordinate system applied to 
the femur. 
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Table 9: Knee Joint Forces, Moments and Flexion Angles used in the gait study 
[103]. 
% of 
Gait 
Knee 
Flexion 
Angle (deg) 
Joint Reaction Forces (N) Joint Reaction Moments (N-mm) 
Fant Fmed Fcomp Madd Mint 
0% 0.75 -23.41 4.27 365.07 -1504.29 -1292.99 
5% 10.5 -20.9 5.8 922.14 -5437.43 -6706.49 
15% 22.84 -8.94 58.86 1909.64 19197.2 -2395.34 
30% 12.35 98.26 55.55 1020.86 10048.1 -6691.95 
46% 5.09 104.39 167.71 2444.65 14278.7 -13095.3 
60% 41.75 51.37 -22.67 351.15 -8286.86 976.05 
 
 As with the validation studies two steps were created in Abaqus to mimic 
gait: 1) An equilibrium step that applied all the tie constraints and flexion angle to 
the knee joint, 2) a loading step that applied the forces and moments to the KJC 
and BCs to the tibia and femur. During the equilibrium step the same BCs 
applied during the Morimoto at al. [93] validation were applied to the tibia and 
femur: the tibia was free to translate in the anterior/posterior, medial/lateral and 
proximal/distal directions; the femur had the appropriate knee flexion angles 
applied to the KJC and was free to move in the proximal/distal direction and in 
the adduction/abduction and internal/external rotations. During the loading step 
the tibia was fixed in place while the femur was only restrained in the 
flexion/extension angle.  
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 It should be noted that the forces and moments applied to the femur do 
not include any forces or moments generated by the PF joint. The OpenSim 
model uses the PF joint for kinematic constraints on the TF joint, however the 
numbers output are strictly forces and moments from the TF joint. To estimate 
the error associated with excluding the PF joint forces, the appropriate contact 
forces of the PF joint measured by Lin et al. [104] during gait were applied to the 
femur at the suspected PF contact location at a specific point of gait. The 
resulting maximum articular cartilage contact pressure (CP) and contact area 
(CA) were compared to the same gait point without the PF contact force. 
2.4.2 Output Variables 
 When using Abaqus, specific variables of interest must be declared before 
an analysis is performed. The output variables used for the gait analysis included 
contact pressure (CPRESS), contact area (CAREA), displacement components 
(U), viscous forces (VF) and total forces (TF). As mentioned in Section 2.2.8, the 
ratio of viscous forces, VF, to total forces, TF, were used to make sure the 
automatic stabilization was not negatively affecting the predicted results. The 
contact pressure, contact area and contact forces have previously been used for 
gait analysis and are good indicators of the progression of OA [34-36, 40, 41]. As 
with the validation studies, the maximum contact pressure was measured by 
selecting and averaging a group of nodes roughly the size of the pressure pad 
used by Seitz et al. surrounding the peak node. Due to the fact that the primary 
role of the ACL is ATT prevention, anterior displacement was chosen as another 
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important parameter to track for the various levels of ACL deficiency and ACL 
RS. 
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CHAPTER 3 RESULTS 
3.1 Model Validation Results 
 As mentioned earlier, the FEM was validated using four cadaver studies: 
Two measuring the maximum TF contact pressure at various flexion angles and 
applied loads [92, 93], one measuring the ATT due to an applied anterior tibial 
load of a knee with an intact ACL and a knee that was AM deficient  [27], and 
one measuring the strain in the AM bundle due to an applied anterior tibial load 
[94]. 
3.1.1 Maximum Tibiofemoral Contact Pressure 
 The maximum contact pressure of the modeled Seitz et al. [41] 
experiment was measured using the output variable CPRESS. This was done by 
selecting a group of nodes around the maximum contact pressure node that 
represented a similar surface area to the resolution of the measurement devices 
used in the experiments, 1.6 mm2, and averaging the contact pressure of said 
nodes. For all cases the maximum pressure was determined in both the medial 
and lateral tibial cartilage. Figure 14 shows the contact pressure map of the 
medial and lateral tibial cartilage for both loading cases of the Seitz et al. 
experiment. 
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Figure 14: Contact Pressure of the medial and lateral tibial cartilage during 
loading at full extension with an intact ACL. 
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Figure 15: FEA Validation vs Experimental Results of CP during loading with an 
intact ACL. A) 500 N Load. B) 1000 N Load [41]. 
Figure 15 clearly shows that FEA results for both the 500 N and 1000 N 
loading falls within one standard deviation of the reported average maximum 
contact pressure. It should be noted that stress concentrations under the lateral 
anterior meniscal horn, for the 500 N case, and the medial anterior meniscal 
horn, for the 1000 N case, were above one standard deviation from the mean. 
However, as mentioned in Section 2.2.9 these areas would be analyzed with 
caution, possibly ignored as in this case, due to sharp edges present on all the 
meniscal horns. With these results, it was deemed that the FEM was successfully 
validated at full knee extension during these loading cases. 
 As with the first validation study, a group of nodes around the peak node, 
surface area roughly 1.6 mm2, were averaged to determine the maximum 
pressure of the medial and lateral tibial cartilage. Figure 16 shows the contact 
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pressure map of the medial and lateral tibial cartilage for both loading cases of 
the Morimoto et al. experiment [42]. 
 
Figure 16: Medial and lateral tibial cartilage contact pressure during loading at 
15° and 30° with an intact ACL. 
 
Figure 17: FEA Validation vs. Experimental Results of CP during loading with an 
intact ACL. A Loading at 15° Flexion. B Loading at 30° Flexion [42]. 
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The FEM is considered validated for loading at various knee flexion 
angles, with results falling within one standard deviation of the reported average 
(Figure 17). It should be noted that stress concentrations under the medial 
meniscus anterior horn, for both angles, and the inner circumference edge of the 
medial meniscus, for 30° loading, were ignored. However, when these stress 
concentration nodes were averaged with the surrounding nodes they were within 
one standard deviation of the reported mean. They were ignored because it was 
felt that they did not accurately represent interaction between the medial tibial 
cartilage and medial meniscus.  
 It should be noted that these experiments were also performed at different 
loading conditions: Seitz et al. [92] loaded the cadaver knee at 30° with 500 N 
and 1000 N compressive forces, Morimoto et al. [93] loaded the cadaver knee at 
0° with a 1000 N compressive force. However, when these loading conditions 
were repeated with the FEM, all the predicted results were more than one 
standard deviation from the reported measurements. This inability to validate 
these experiments is an issue that should be looked into during future work, yet 
there may be some explanation for these issues. When both experimenters 
loaded the knee at 0° and 30° with 1000 N none of the reported maximum 
contact pressures are within one standard deviation of the other’s reported value.  
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Figure 18: Morimoto, Seitz and FEA results with 1000 N compressive load at A 
0° and B 30° [41, 42] with intact ACL. 
These discrepancies in maximum contact pressure could be an artifact of 
loading the femur versus the tibia or using different equipment to measure the 
pressure: Seitz et al. used a thin, flexible pressure sensor (K-Scan Type 4000, 2 
x 920.7 mm2, 9,000 psi; Tekscan, Inc., South Boston, MA) [92], while Morimoto et 
al. used low-pressure measurement films (pressure range, 2.5 to 10 MPa, Fuji 
Prescale Film; Fujifilm, Valhalla, NY) [93]. Due to these discrepancies in the 
reported maximum contact pressure and the ability of the FEM to validate with at 
least one of the loading conditions for all the reported flexion angles, the FEM 
was considered validated for loading at various flexion angles. 
3.1.2 Anterior Tibial Translation 
 The ATT was measured from displacement output variable U. Due to the 
BCs applied to the tibia, all the tibial nodes had the same displacement so no 
averaging was needed. The predicted and reported ATT are shown in Figure 19. 
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Figure 19: FEA Validation vs Experimental Results of ATT [27]. 
The predicted ATT of the FEM with an intact ACL falls within one standard 
deviation of the reported mean ATT while the predicted ATT of the FEM with an 
AM deficiency is only within two standard deviations of the mean reported ATT. 
The result of the intact ACL ATT was interpreted as validation of the interaction 
between and characteristics of the two bundles. Despite the fact that the 
predicted ATT of the AM deficient FEM was outside one standard deviation of the 
mean, it was still considered a validation of the properties of the PL bundle 
because the predicted trend of ATT increase from intact ACL to AM deficient 
followed the trend reported: experimental results showed an increase of 32.5%; 
FEM predictions showed an increase of 31.2%.  
It should be noted that the experimenters also performed this loading 
condition with a PL deficient knee. However, when this case was repeated with 
the FEM the predicted ATT was more than one standard deviation below the 
average and the predicted trend of ATT increase from intact ACL to PL deficient 
did not match the reported trend. The disagreement of predicted ATT and 
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reported ATT could be explained by the fact that the knees tested were much 
older (age range, 53-71 [27]) than the knee being modeled. A study comparing 
young ACLs to older ACLs showed a stiffness reduction of 29% in older ACLs 
[75]. Another possible factor in the discrepancy between predicted and reported 
ATT is that Zantop et al. [39] don’t report what percent of knees being tested are 
male or female knees. Another study showed that male ACLs are 54% more stiff 
when compared to female ACLs [76]. Both of these factors explain could why the 
predicted ATT of PL deficient knees does not agree with the reported ATT; they 
also explain why the predicted AM deficient ATT is more than one standard 
deviation below the experimental ATT.  
3.1.3 Anteromedial Bundle Strain 
The strain of the AM bundle was measured by measuring the length of the 
AM bundle before and after the applied load. Due to the fact that the location of 
the LMSGs was not specifically mentioned, the strain of the AM bundle was 
measured at a few locations and averaged together, shown in Figure 20. 
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Figure 20: FEA Validation vs. Experimental Results of AM Bundle Strain under 
140 N tibial anterior load [94]. 
The predicted strain of the AM bundle due to an anterior tibial load of 140 
N was within one standard deviation of the reported mean AM bundle strain. This 
result was considered a validation of the AM bundle properties. 
3.2 Gait Results 
The results of the CP, CA, ATT and viscous force to total force ratio for all 
ACL cases are tabulated in Appendix B. In general, when the ACL was modeled 
with an AM bundle injury, PL bundle injury or complete ACL injury there was very 
little change to either the CP or CA. The largest percent change of either variable 
was a 14.3% increase of the CP of the medial tibial cartilage when modeling 60% 
of gait with an injured AM bundle. However, the majority of these predicted 
results showed less than a 1% change compared to intact ACLs for all points of 
gait. These results are not surprising due to the fact that the material properties 
of the injured AM and PL bundle are close to lower values of reported healthy 
-0.5
0
0.5
1
1.5
2
2.5
3
3.5
4
A
M
 S
tr
a
in
 (
%
) 
Reported
FEA
57 
 
ligament properties [45]. For this reason, further discussion of predicted results 
will only consider intact ACL, AM deficient, PL deficient, ACL rupture and BPTB 
graft knees. 
When looking at the predicted results of a healthy knee, it is clear that 
throughout gait whichever compartment of the knee, medial or lateral, supporting 
the majority of the load can shift to the other compartment. Due to this shift, there 
is no one point of gait that has the largest percent increase of CP or CA for all 
articular cartilage for a given ACL deficiency or RS. To coincide with this fact, the 
reported predicted results are only shown when the articular cartilage surface is 
most at risk of the development of OA. 
The largest CP predicted, 9.37 MPa, was on the medial portion of the 
femoral cartilage during 46% of gait in a knee with a ruptured ACL. Looking at 
the largest CP is a good indication of what part of the knee supports the most 
load, however for this study a more pertinent analysis would be to observe the 
largest percent increase in CP in ACL deficiencies and RS compared to intact 
ACLs. Knees with a predicted increase in CP are considered more at risk of the 
development of OA. The largest percent change of CP from an intact ACL knee 
was a 27.9% increase in the medial tibial cartilage at 60% gait of an AM deficient 
knee. The maximum increase of CP in each cartilage structure for all of gait and 
their representative CP contour plots are shown below. 
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Figure 21: The point of Gait where the largest percent increase of CP occurred 
for each articular cartilage between intact ACL and AM deficient Knees. 
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Figure 22: Contour CP plot of each articular cartilage at the point of Gait when 
there was the largest percent increase of maximum increase of CP between 
intact ACL and AM deficient Knees. 
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Figure 23: The point of Gait where the largest percent increase of CP occurred 
for each articular cartilage between intact ACL and PL deficient Knees. 
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Figure 24: Contour CP plot of each articular cartilage at the point of Gait when 
there was the largest percent increase of maximum increase of CP between 
intact ACL and AM deficient Knees. 
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Figure 25: The point of Gait where the largest percent increase of CP occurred 
for each articular cartilage between intact ACL and ACL ruptured Knees. 
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Figure 26: Contour CP plot of each articular cartilage at the point of Gait when 
there was the largest percent increase of maximum increase of CP between 
intact ACL and ACL ruptured Knees. 
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Figure 27: The point of Gait where the largest percent increase of CP occurred 
for each articular cartilage between intact ACL and ACL RS Knees. 
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
LTC MTC LFC MFC
C
P
 (
M
P
a
) 
46%                           60%                          30%                           0% 
Healthy Knee
ACL RS Knee
65 
 
 
Figure 28: Contour CP plot of each articular cartilage at the point of Gait when 
there was the largest percent increase of maximum increase of CP between 
intact ACL and ACL RS Knees. 
The largest CA predicted, 392.29 mm2, was on the lateral tibial cartilage 
during 5% of gait in an AM deficient knee. When comparing the predicted results 
of damaged to intact ACLs, knees with an increase of CA are considered more at 
risk of the development of OA. The largest percent change of articular cartilage 
CA from an intact ACL knee was an 11.9% increase in the medial portion of the 
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femoral cartilage at 60% of gait of a complete ACL ruptured knee. For all points 
of gait modeled with a PL bundle injury, the CA of the lateral tibial cartilage was 
smaller than the CA predicted with an intact ACL so no results were graphed. 
 
Figure 29: The point of Gait where the largest percent increase of CA occurred 
for each articular cartilage between intact ACL and AM deficient Knees. 
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Figure 30: The point of Gait where the largest percent increase of CA occurred 
for each articular cartilage between intact ACL and PL deficient Knees. The CA 
of the lateral tibial cartilage decreased at every point of gait for all various types 
of ACL injuries. 
 
Figure 31: The point of Gait where the largest percent increase of CA occurred 
for each articular cartilage between intact ACL and ACL ruptured Knees. 
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Figure 32: The point of Gait where the largest percent increase of CP occurred 
for each articular cartilage between intact ACL and ACL RS Knees. 
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CHAPTER 4 DISCUSSION  
4.1 Tibiofemoral Contact Pressure and Contact Area 
The study performed for this thesis was a complex study involving varying 
loads, boundary conditions and modeled components. While the results reported 
in Section 3.2 focus on the maximum increase of CP and CA for AM deficient, PL 
deficient, ACL ruptured and ACL RS knees for each articular cartilage surface, 
this may miss other possible conclusions. For this reason the discussion section 
will focus on the implications of the maximum increase of CP and CA for AM 
deficient, PL deficient, ACL ruptured and ACL RS knees as well as focus on the 
change of CP and CA throughout gait with respect to AM deficient, PL deficient, 
ACL ruptured and ACL RS knees. Results specifically comparing the changes of 
CP and CA throughout gait for thesis cases are shown in Appendix C.  
4.1.1 Changes to Cartilage Loading with respect to Anterior Cruciate Ligament 
Deficiency and Reconstruction 
 Due to the fact that in all four cases the maximum increase of CP for the 
lateral tibial cartilage is at 46% of gait and the maximum increase of CP for the 
lateral portion of the femoral cartilage is at 30% of gait suggest that the ACL is 
highly strained throughout this portion of gait. The maximum increase of CP of 
ACL RS knees in the lateral compartment was smaller than AM deficient, PL 
deficient and ACL ruptured maximum increase of CP; this suggests that not only 
is the BPTB graft better for the patient than no ACL, but that the anatomical SB 
RS mimics behavior of both the AM and PL bundle.  
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 It is surprising that the maximum increase of CA does not follow the trend 
of maximum increase of CP as well, however this suggests that the ACL may be 
highly strained throughout gait except at certain phases of gait other supporting 
structures are more readily available. The maximum change of CA for ACL RS is 
typically smaller than the maximum increase of CA for AM deficient, PL deficient 
and ACL ruptured knees, only larger than the maximum increase of CA in the 
lateral tibial cartilage and lateral portion of the femoral cartilage for PL deficient 
knees. This again suggests that not only is the BPTB better for the patient than 
no ACL, but that the BPTB graft properly mimics the behavior of the AM and PL 
bundles for various loading conditions and knee flexion angles. The results that 
the maximum increase in CP and CA occur all throughout gait for the various 
ACL deficiencies and RS indicate walking with these injuries will increase the risk 
of developing knee OA, with a complete ACL ruptured knee the most likely 
candidate to develop knee OA.  
4.1.2 Changes to Cartilage Loading Throughout Gait 
 As mentioned earlier, to view the more detailed results discussed in this 
section refer to Appendix C. 
 Loading at 0% of gait represented heel strike and had a relatively large 
ratio of anterior tibial force to compressive force. The maximum increase of CP 
and CA tends to change more in PL deficient knees compared to AM deficient 
knees which agrees with the previously reported notion of the PL bundle 
supporting more of the load at small knee flexion angles. The CP was higher 
everywhere and the CA was smaller in all cases except the medial tibial cartilage 
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when the BPTB graft was modeled compared to ACL ruptured knees. Generally, 
the CP was higher and CA smaller for all ACL cases when compared to intact 
ACLs. 
Loading at 5% of gait was chosen because it represented a relative peak 
in abduction and tibial internal moments. As with 0% of gait, AM deficient knees 
more closely resembled intact ACL knees when compared to PL deficient knees 
with respect to CP and CA. Unlike the predicted results for 0% of gait, the 
increase of CP was reduced when the BPTB graft knee was modeled compared 
to the ACL ruptured knee. Comparing the predicted results for BPTB graft and PL 
deficiency shows that the BPTB graft knees had a smaller increase to the CP. 
This indicates that an anatomic SB BPTB graft can, at least partially, mimic the 
function of the PL bundle at low knee flexion angles and moderate loading cases.  
 Loading at 15% of gait was chosen because of the relative peak in 
compressive force and adduction moment. This point of gait actually had the 
least changes between intact and damaged ACLs. This is most likely due to the 
fact that there is a relative minimum in anterior tibial force and tibial internal 
moment. None of the CP changed by more than a percent. The CA of the lateral 
compartment decreased slightly while the medial compartment showed an 
increase up to 5% for ACL ruptured knees. This indicates that there needs to be 
a combination of loading that activates all three functions of the ACL (restrain 
ATT, restrict excessive internal-external rotation, and maintain proper varus-
valgus alignment) to effectively strain the ACL and produce larger changes in 
cartilage loading in ACL injured joints. 
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 Loading at 30% of gait was chosen because of the relative dip in 
compressive force and adduction moment, while still maintaining a high tibial 
internal moment. The increase of CP for tibial cartilage of AM and PL deficient is 
very similar, however there is a much larger increase of CP for femoral cartilage 
for PL deficiency compared to AM deficiency. Although the flexion angle is only 
12°, the AM bundle appears to be supporting more of the load than would be 
expected. This could be interpreted as the AM bundle supporting more load at 
smaller flexion angles with combined loading is concerned. More analyses would 
have to be done to test this hypothesis. The BPTB graft knee has a markedly 
smaller increase of the CP compared to the ACL ruptured knee. The predicted 
increase of CP of a BPTB graft knee is comparable to AM deficient knees for 
both tibial and femoral articular cartilage. This is an indication that the anatomic 
SB BPTB graft mimics the behavior of both the AM and PL bundles. 
 Loading at 46% of gait was chosen because of the relative peak of 
compressive force, internal tibial and adduction moments. PL deficient knees 
showed a larger increase of the maximum tibial and femoral medial portion of the 
articular cartilage contact pressure. On the contrary, AM deficient knees showed 
a larger increase of the maximum femoral lateral portion of the articular cartilage 
contact pressure when compared to PL deficient knees. This information 
combined with the fact that the flexion angle at 46% of gait is only 6° is another 
indication that the flexion angle is not the only factor in deciding which bundle 
supports the majority of the load. The predicted increase of the CP of BPTB graft 
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knees was smaller than all other cases except for the medial tibial articular 
cartilage.  
 Loading at 60% of gait represents toe off and has a relatively small 
compressive force and internal tibial moment. The AM deficient knee had a 
markedly larger increase of maximum medial tibial articular cartilage contact 
pressure compared to the PL deficient knee, however both knees had a 
decrease of CP in the lateral compartment. The change of the CP of the BPTB 
graft knee followed the same trend as the AM and PL deficient knees; not as 
large of an increase as the AM deficient knee but more than the PL deficient 
knee. This is interpreted as another indicator that the anatomic SB BPTB graft 
accurately mimics both the AM and PL bundles.  
The reader needs to be reminded that the loading used was from a 
healthy individual’s gait, and as such predicted CP and CA of ACL injuries and 
reconstruction are not necessarily the actual values experienced by knees with 
ACL injuries and reconstruction. This is because individuals with ACL injuries or 
reconstruction have gait adaptations [105], [16], [102] that may change the 
loading experienced. However, these results are still a good indication of the 
possible changes to CP and CA to those with ACL injuries and RS. These results 
indicate that receiving an anatomic SB BPTB graft after a complete ACL rupture 
helps return the articular cartilage loading back to normal during gait. Multiple 
points of gait indicated that although this was only a SB RS graft, it mimicked 
behaviors of both AM and PL bundles. The results also suggest that whichever 
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bundle supports the load may be indicated by the type of loading rather than just 
knee flexion angle. 
4.2 Anterior Tibial Translation 
 The predicted results indicate that there is no increase in ATT for any of 
the ACL deficiencies or BPTB graft. These results are consistent with published 
reports that show a reduction of ATT throughout all of gait [105].  This is not 
surprising when the different loads for each point of gait are considered. The 
30%, 46% and 60% points of gait have a posterior tibial force so removing the 
ACL would not cause any increase of ATT in the model. The 0% and 5% points 
of gait have an anterior tibial force, however there is also an abduction moment 
that may cause a laxity in the ACL. The 15% point of gait has a large adduction 
moment, however there is a minimal anterior tibial force and internal tibial 
moment and a relative peak of the compressive force. The combination of these 
forces may cause a laxity in the ACL, resulting in most of the anterior tibial force 
being absorbed elsewhere.  
4.3 Viscous Damping Coefficient 
 For the majority of simulations the stabilizing viscous forces were less 
than 1% of the total forces applied, with the highest percentage of viscous forces 
reaching 2% of the total forces applied. These viscous forces to total forces ratio 
suggest that the specified damping coefficient used did not negatively influence 
the results. 
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4.4 Future Work 
 This FEM and the work developing it signify a considerable step forward 
toward the long term goal of developing subject specific knee FEMs. The 
suggestions described below will further increase the accuracy for predicting 
articular cartilage loading during various exercises. 
4.4.1 Anterior Cruciate Ligament Deficient Gait Loading  
 At this point, one of the major limitations to accurately predicting the effect 
of ACL deficient and ACL RS knees during gait is the lack of usable knee gait 
loading for individuals suffering from ACL injuries or RS. It is evident that an 
individual’s gait changes after ACL injury and RS [105], [16], [102], however a 
complete loading cycle of ACL deficient or ACL RS gait was unavailable at this 
time. Despite this set back, some conclusions can still be drawn from the 
predicted results. As mentioned earlier, an increase in CP and or CA between 
injured ACL bundle and intact ACL is considered to be a higher risk of developing 
OA. However, the larger the increase in CP or CA, the larger the risk is to 
develop knee OA. Most of the predicted increase in CP, 60%, is less than a 1% 
increase, while a staggering 89% of the predicted increase in CP is less than a 
5% increase. Similar results are seen in the predicted increase of CA, 47% of the 
predicted increase is less than a 1% increase and 93% of the predicted increase 
is less than a 5% increase. Due to the majority of predicted increases being so 
small, gait is considered to be a safe activity for people with a damaged or 
reconstructed ACL. Analysis of different activities, such as running, ellipticals, 
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cycling and cutting should be performed to determine which activities put the 
subject most at risk for the development of OA.  
4.4.2 Patellofemoral Joint 
 As mentioned earlier, the TF contact loading does not include any forces 
or moments from the PF joint. A possible solution would be to have OpenSim 
report the PF contact forces and apply them directly to the femur where 
appropriate. A better solution would be to include the PF joint in the FEM and 
apply the quad forces directly to the proximal surface of the patellar tendon. A 
patellar tendon, patella and patella cartilage were modeled using the same MRIs 
that generated the rest of the knee FEM, however the PF joint was unable to 
validate using cadaver studies that measured the CP under various quadriceps 
loading conditions. Possible remedies for this issue would be to include the 
medial and lateral patellofemoral ligaments, change the contact scheme between 
the patella and femoral cartilage, re-evaluate the quality and tibial attachment of 
the patellar tendon model or change the material definition of the patellar tendon 
to a hyper-elastic transversely isotropic material. 
4.4.3 Material Properties 
 As mentioned earlier, actual articular cartilage, ligaments, menisci and 
bone are more accurately modeled using more complex material definitions than 
the ones used in this study. Using a more correct material definition could greatly 
improve the accuracy of the predicted results. Abaqus has a large material library 
to choose from and if it does not include the necessary material model then a 
user-defined material (UMAT) can be built and implemented. 
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 Articular cartilage is more accurately modeled as a biphasic, 
poroviscoelastic material [67], whose properties change severely with the 
alignment of the collagen fibrils and water content in the superficial, transitional 
and deep zones [106]. Other studies have modeled the articular cartilage using a 
hyperelastic depth-dependent nonfibrillar matrix and continuum/membrane fibrils 
[52], [36], [53], a nearly incompressible Mooney-Rivlin [107], and a 
heterogeneous fibril-reinforced poroviscoelastic [108] material definition.  
 To more accurately model the ligaments and patellar tendon, previous FE 
studies have modeled them as hyperelastic, isotropic incompressible Neo-
Hookean [40], as well as hyperelastic, transversely isotropic materials that do not 
support compressive loads [42], [45]. It is believed that one of the main reasons 
for convergence difficulties in the FEM was buckling in the ligaments, especially 
in the AM and PL bundles. Preventing the ligaments from supporting 
compressive loads could minimize, if not completely resolve, the issue of 
buckling ligaments. 
 Similar to the articular cartilage, the menisci are much more complicated, 
showing distinct transversely isotropic, visco- and poroelastic material 
characteristics [71]. Previous FE studies have modeled the menisci as linearly 
elastic transversely isotropic [43], [108], transversely isotropic, biphasic [109], 
and anisotropic with depth-dependent collagen reinforcement [36], [52], [53] 
materials. 
 Human bone is actually composed of two sections, a hard outer cortical 
shell and a softer trabecular center [106]. The outer cortical shell is what was 
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simplified to a rigid body due to its transverse isotropy and modulus that 
increases with loading rate [106]. Previous FE studies of static compressive 
loading showed that the difference between a rigid body and linear elastic 
orthotropic model was less than 2% [43]. However, other FE studies have shown 
that using this rigid body model in more elaborate loading, such as walking, 
produced contact pressures and areas much higher than those produced using a 
more complex model [110], [111]. 
 It should be noted that using these more complex materials could 
drastically increase the run time of the FEM and possibly prevent it from 
converging to a solution. A more complex model for the bone will most certainly 
increase run time because the bones would have to be modeled as 3-D solid 
elements instead of the shell elements used in this study. Before a more complex 
material model is adopted, the goal of the study and expected hindrances should 
be carefully considered.  
4.4.4 Automatic Stabilization Constant Damping Factor 
 To ensure that the automatic stabilization is not a dominate factor in the 
analysis Abaqus recommends checking the ratio of viscous forces to total forces 
applied. However, it also recommends checking the ratio of the energy dissipated 
due to the automatic stabilization to the internal strain energy. If the ratio of 
energies is below the Abaqus recommended .0002, then the automatic 
stabilization likely didn’t dominate the analysis. When the ratio was checked for 
all the studies it varied from .75 to 32.  
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 An energy ratio this large suggests that this TF joint isn’t modeled 
properly. However, this was known before any analysis was performed. The 
loads applied to this FEM represent the loads of a healthy patient throughout 
gait. In reality, this patient has a PF joint, the meniscal horns have physical size, 
the MCL and PCL are actually composed of two bundles, there is friction 
between all contacting structures, ligaments are surrounded in synovial fluid, and 
there are entire ligaments that are missing from the model. Due to this simplified 
model of the human knee joint, an automatic stabilization factor with a larger than 
preferred energy ratio is considered an acceptable method to produce the 
predicted results.  
 
 
 
 
 
 
 
 
80 
 
CHAPTER 5 CONCLUSION 
 The specific goals of this thesis were to 1) develop and validate a 
complete FEM of the tibiofemoral joint using a two-bundle model of the ACL and 
2) predict the change of articular cartilage tissue loading of the knee with a 
healthy, ACL injured and BPTB graft using the loading conditions of a healthy 
person’s gait. Using multiple loading conditions and boundary conditions, the 
FEM was considered successfully validated for CP and ATT. The predicted 
results of the gait analysis indicate that while CP increases and CA decreases 
when modeled with an anatomic SB BPTB graft, the changes are not as drastic 
as changes seen when a complete ACL rupture is modeled. The results also 
indicate that while the anatomic SB BPTB may not completely replace both AM 
and PL bundles, it supports loads typically supported by only the AM or PL 
bundle in an intact ACL. The results also suggest that whichever bundle supports 
the majority of the load may be more influenced by combination loading and knee 
flexion angle rather than just knee flexion angle. While CP and CA increased for 
most of gait for all ACL injuries, the amount of increase suggests that walking is 
still a safe activity for individuals with injured ACLs.  
 The long term goal of this project is to develop, validate and use subject-
specific FEM of the human knee in clinical applications to determine patient 
specific short-term rehabilitative and long-term fitness sustainment exercises that 
may prevent the onset, or progression, of OA in patients with ACL injured or 
reconstructed knees. With the tools learned in the development of the FEM, 
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along with the suggested improvements, this goal is manageable with continual 
work.  
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APPENDICES 
APPENDIX A: AUTOMATIC STABILIZATION 
 Automatic stabilization by defining a constant damping factor works by 
including a fictitious viscous force, FV, to the global equilibrium equations. 
𝐹𝑣 = 𝑐𝑀
∗𝑣 
𝑃 − 𝐼 − 𝐹𝑣 = 0 
Where 𝑀∗  is an artificial mass matrix calculated with unity density, 𝑐  is the 
damping factor specified, and 𝑣 is the vector of nodal velocities. The damping 
factor can be automatically calculated by Abaqus based off of damping intensity 
or a user specified damping factor. The method done in this thesis was to use a 
user specified damping factor. As analysis proceeds through a step, local regions 
may go unstable causing the local velocities to increase resulting in an increase 
to the viscous forces. If no instability arises, viscous forces remain very small. To 
ensure that the viscous forces never dominate the analysis it is recommended to 
compare the total viscous forces in the model to the applied total forces. Having 
this ratio remain small is an indication that the viscous forces did not falsely affect 
the predicted results.  
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APPENDIX B: RESULTS OF GAIT ANALYSIS 
Table 10: CP at 0% of Gait. 
 
0% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Healthy 1.46 N/A 1.64 N/A 1.41 N/A 1.49 N/A 
AM Injury 1.47 0.19 1.64 0.11 1.41 0.18 1.50 0.28 
AM Def 1.44 -1.89 1.58 -3.52 1.39 -1.38 1.53 2.03 
PL Injury 1.47 0.32 1.60 -2.27 1.42 0.26 1.54 3.26 
PL Def 1.47 0.47 1.70 3.39 1.42 0.56 1.65 10.48 
ACL Injury 1.47 0.44 1.61 -1.88 1.42 0.41 1.55 3.73 
ACL Rupture 1.44 -1.45 1.66 1.03 1.40 -0.77 1.62 8.17 
BPTB 1.47 0.70 1.67 1.84 1.42 0.68 1.62 8.44 
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Table 11: CP at 5% of Gait. 
 
5% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Healthy 4.05 N/A 3.30 N/A 3.76 N/A 2.83 N/A 
AM Injury 4.04 -0.09 3.30 0.00 3.76 -0.03 2.83 -0.12 
AM Def 4.03 -0.49 3.30 -0.10 3.76 -0.20 2.85 0.49 
PL Injury 4.06 0.28 3.30 -0.06 3.77 0.25 2.85 0.71 
PL Def 4.13 2.05 3.37 2.07 3.82 1.52 2.93 3.56 
ACL Injury 4.07 0.51 3.32 0.37 3.78 0.44 2.86 0.85 
ACL Rupture 4.14 2.23 3.40 2.93 3.75 -0.29 2.97 5.01 
BPTB 4.10 1.37 3.32 0.64 3.81 1.11 2.87 1.45 
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Table 12: CP at 15% of Gait. 
  
15% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Healthy 6.16 N/A 8.05 N/A 5.83 N/A 7.59 N/A 
AM Injury 6.16 0.01 8.05 0.03 5.84 0.06 7.59 0.02 
AM Def 6.19 0.43 8.03 -0.24 5.87 0.63 7.58 -0.16 
PL Injury 6.16 -0.10 8.05 -0.02 5.84 0.10 7.59 -0.04 
PL Def 6.14 -0.38 8.06 0.15 5.84 0.06 7.55 -0.56 
ACL Injury 6.16 -0.03 8.05 -0.02 5.84 0.21 7.59 -0.03 
ACL Rupture 6.20 0.65 8.07 0.26 5.88 0.82 7.58 -0.08 
BPTB 6.10 -1.00 8.03 -0.22 5.79 -0.69 7.52 -0.95 
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Table 13: CP at 30% of Gait. 
 
30% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Healthy 4.20 N/A 5.96 N/A 3.91 N/A 5.48 N/A 
AM Injury 4.19 -0.22 5.98 0.29 3.93 0.41 5.47 -0.28 
AM Def 4.25 1.24 6.00 0.68 4.02 2.84 5.53 0.84 
PL Injury 4.18 -0.44 5.98 0.42 3.95 0.97 5.50 0.29 
PL Def 4.25 1.37 5.99 0.52 4.07 4.10 5.56 1.35 
ACL Injury 4.18 -0.40 6.00 0.71 3.96 1.35 5.48 0.04 
ACL Rupture 4.34 3.48 6.11 2.47 4.18 6.94 5.61 2.33 
BPTB 4.21 0.34 6.01 0.89 4.00 2.43 5.53 0.95 
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Table 14: CP at 46% of Gait. 
 
46% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Healthy 7.24 N/A 8.85 N/A 7.03 N/A 8.81 N/A 
AM Injury 7.26 0.31 8.89 0.49 7.05 0.23 8.86 0.60 
AM Def 7.44 2.85 9.07 2.46 7.19 2.30 9.10 3.32 
PL Injury 7.27 0.45 8.93 0.90 7.05 0.25 8.89 0.90 
PL Def 7.44 2.85 9.23 4.34 7.14 1.52 9.17 4.13 
ACL Injury 7.29 0.70 8.95 1.15 7.06 0.40 8.94 1.44 
ACL Rupture 7.66 5.91 9.54 7.82 7.31 3.90 9.37 6.35 
BPTB 7.39 2.17 9.11 2.93 7.10 0.96 9.14 3.77 
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Table 15: CP at 60% of Gait. 
 
60% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Max Press 
(MPa) 
% Change 
from Healthy 
Healthy 3.63 N/A 1.30 N/A 3.29 N/A 1.92 N/A 
AM Injury 3.62 -0.08 1.48 14.28 3.29 0.02 1.91 -0.56 
AM Def 3.61 -0.47 1.66 27.93 3.29 -0.15 1.71 -10.60 
PL Injury 3.63 0.08 1.46 12.11 3.30 0.19 1.96 2.14 
PL Def 3.62 -0.20 1.49 14.78 3.30 0.23 2.05 6.93 
ACL Injury 3.62 -0.16 1.46 12.83 3.30 0.05 1.98 3.32 
ACL Rupture 3.64 0.39 1.41 8.99 3.33 0.97 2.43 26.82 
BPTB 3.61 -0.41 1.56 20.10 3.30 0.03 1.82 -4.86 
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Table 16: CA at 0% of Gait. 
 
0% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Healthy 328.66 N/A 232.98 N/A 330.03 N/A 206.71 N/A 
AM Injury 328.65 0.00 232.98 0.00 330.03 0.00 206.73 0.01 
AM Def 333.28 1.41 232.68 -0.13 334.66 1.40 212.31 2.71 
PL Injury 329.61 0.29 231.63 -0.58 330.97 0.28 207.75 0.50 
PL Def 325.88 -0.84 226.22 -2.90 331.19 0.35 205.26 -0.70 
ACL Injury 329.59 0.28 231.63 -0.58 328.74 -0.39 207.78 0.52 
ACL Rupture 333.50 1.47 228.00 -2.14 340.80 3.26 213.90 3.48 
BPTB 327.57 -0.33 229.68 -1.42 331.86 0.55 206.55 -0.08 
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Table 17: CA at 5% of Gait. 
 
5% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Healthy 386.11 N/A 248.42 N/A 322.61 N/A 194.95 N/A 
AM Injury 386.55 0.11 248.09 -0.13 323.05 0.14 195.41 0.24 
AM Def 392.29 1.60 252.49 1.64 327.45 1.50 199.37 2.27 
PL Injury 384.11 -0.52 251.74 1.33 322.75 0.04 198.27 1.71 
PL Def 377.67 -2.19 251.54 1.26 321.76 -0.27 201.76 3.49 
ACL Injury 379.86 -1.62 247.61 -0.33 319.32 -1.02 194.92 -0.02 
ACL Rupture 381.13 -1.29 259.12 4.31 325.66 0.94 207.56 6.47 
BPTB 379.45 -1.73 251.40 1.20 321.60 -0.31 199.57 2.37 
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Table 18: CA at 15% of Gait. 
  
15% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Healthy 285.64 N/A 336.79 N/A 243.44 N/A 313.14 N/A 
AM Injury 284.44 -0.42 338.23 0.43 243.47 0.01 312.94 -0.06 
AM Def 284.79 -0.30 344.82 2.39 243.07 -0.15 319.32 1.97 
PL Injury 283.05 -0.91 338.27 0.44 241.35 -0.86 313.57 0.14 
PL Def 283.04 -0.91 344.01 2.14 237.21 -2.56 317.49 1.39 
ACL Injury 284.71 -0.33 340.49 1.10 241.49 -0.80 314.55 0.45 
ACL Rupture 284.74 -0.32 356.16 5.75 239.25 -1.72 323.81 3.41 
BPTB 285.85 0.07 340.66 1.15 246.83 1.40 314.47 0.42 
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Table 19: CA at 30% of Gait. 
 
30% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Healthy 213.06 N/A 310.16 N/A 183.32 N/A 263.74 N/A 
AM Injury 212.60 -0.21 310.46 0.10 183.26 -0.03 264.38 0.24 
AM Def 209.78 -1.54 315.55 1.74 183.20 -0.07 269.84 2.31 
PL Injury 212.39 -0.32 310.25 0.03 182.41 -0.50 263.66 -0.03 
PL Def 208.71 -2.04 298.26 -3.84 175.50 -4.27 254.80 -3.39 
ACL Injury 210.77 -1.07 310.55 0.13 181.94 -0.75 262.66 -0.41 
ACL Rupture 203.10 -4.67 301.80 -2.70 178.68 -2.53 254.26 -3.59 
BPTB 208.67 -2.06 304.29 -1.89 176.44 -3.75 259.86 -1.47 
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Table 20: CA at 46% of Gait. 
 
46% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Healthy 340.98 N/A 345.29 N/A 322.10 N/A 323.01 N/A 
AM Injury 338.44 -0.74 344.13 -0.34 316.55 -1.72 322.24 -0.24 
AM Def 330.26 -3.14 338.34 -2.01 305.23 -5.24 320.77 -0.70 
PL Injury 338.51 -0.73 342.26 -0.88 313.34 -2.72 322.96 -0.02 
PL Def 330.23 -3.15 316.35 -8.38 306.80 -4.75 316.35 -2.06 
ACL Injury 337.06 -1.15 341.84 -1.00 313.42 -2.69 322.92 -0.03 
ACL Rupture 320.38 -6.04 329.62 -4.54 298.92 -7.20 314.20 -2.73 
BPTB 331.78 -2.70 337.87 -2.15 310.45 -3.62 317.57 -1.68 
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Table 21: CA at 60% of Gait. 
 
60% 
Tibial Cartilage Femoral Cartilage 
Lateral Medial Lateral Medial 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact Area 
(mm2) 
% Change 
from Healthy 
Contact 
Area (mm2) 
% Change 
from Healthy 
Healthy 218.78 N/A 44.78 N/A 191.18 N/A 35.76 N/A 
AM Injury 219.25 0.21 44.78 0.00 190.53 -0.34 35.76 0.01 
AM Def 221.45 1.22 44.76 -0.04 195.80 2.42 35.79 0.08 
PL Injury 217.94 -0.38 42.28 -5.57 189.30 -0.98 36.86 3.08 
PL Def 212.11 -3.05 38.75 -13.46 190.86 -0.16 38.75 8.36 
ACL Injury 217.27 -0.69 44.78 0.01 188.65 -1.32 36.86 3.08 
ACL Rupture 213.76 -2.30 45.28 1.13 198.68 3.93 40.00 11.88 
BPTB 214.99 -1.73 42.28 -5.58 187.04 -2.17 35.76 0.01 
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Table 22: ATT during Gait. 
 
ATT 
0% 5% 15% 30% 46% 60% 
  
% Change 
from Healthy   
% Change 
from Healthy   
% Change 
from Healthy   
% Change 
from Healthy   
% Change 
from Healthy   
% Change 
from Healthy 
Healthy 2.01E-01 N/A 7.25E-01 N/A 2.57E-01 N/A -8.46E-01 N/A -1.89E+00 N/A -1.97E-01 N/A 
AM Injury 1.93E-01 -3.76 7.34E-01 1.23 2.29E-01 -11.06 -8.76E-01 3.56 -1.94E+00 3.00 -1.67E-01 -15.42 
AM Def 1.74E-01 -13.50 7.39E-01 1.92 1.63E-01 -36.60 -1.04E+00 22.34 -2.24E+00 18.66 -4.94E-02 -74.91 
PL Injury 1.52E-01 -24.42 6.37E-01 -12.08 1.22E-01 -52.52 -9.82E-01 15.99 -2.00E+00 5.98 -2.93E-01 48.92 
PL Def 4.65E-02 -76.84 2.61E-01 -63.94 -3.84E-01 -249.19 -1.43E+00 68.44 -2.41E+00 27.53 -5.68E-01 188.79 
ACL Injury 1.42E-01 -29.13 5.98E-01 -17.49 7.00E-02 -72.76 -1.01E+00 19.77 -2.06E+00 8.99 -2.90E-01 47.21 
ACL Rupture -2.52E-03 -101.26 1.71E-01 -76.37 -5.65E-01 -319.77 -1.69E+00 99.25 -2.83E+00 49.70 -6.01E-01 205.14 
BPTB 9.99E-03 -95.02 4.13E-01 -42.97 -4.01E-02 -115.61 -1.25E+00 47.71 -2.35E+00 24.55 -3.43E-01 74.36 
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Table 23: Viscous Forces to Total Forces Ratio. 
  0% 5% 15% 30% 46% 60% 
Healthy 4.53E-03 8.16E-03 2.50E-03 7.85E-03 8.44E-03 1.67E-02 
AM Injury 4.60E-03 8.15E-03 2.40E-03 8.12E-03 8.61E-03 1.69E-02 
AM Def 4.36E-03 8.15E-03 2.31E-03 9.41E-03 9.55E-03 1.81E-02 
PL Injury 4.25E-03 8.14E-03 2.40E-03 8.10E-03 1.46E-02 1.71E-02 
PL Def 3.89E-03 7.80E-03 2.14E-03 9.15E-03 9.19E-03 1.76E-02 
ACL Injury 4.25E-03 8.08E-03 2.32E-03 8.31E-03 8.80E-03 1.74E-02 
ACL Rupture 3.71E-03 7.69E-03 2.39E-03 1.09E-02 1.05E-02 2.01E-02 
BPTB 4.00E-03 7.97E-03 2.19E-03 9.17E-03 9.32E-03 1.78E-02 
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Figure 33: Articular cartilage contact pressure at 0% of gait. 
110 
 
 
Figure 34: Articular cartilage contact pressure at 5% of Gait. 
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Figure 35: Articular cartilage contact pressure at 15% of Gait. 
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Figure 36: Articular cartilage contact pressure at 30% of Gait. 
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Figure 37: Articular cartilage contact pressure at 46% of Gait. 
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Figure 38: Articular cartilage contact pressure at 60% of Gait. 
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APPENDIX C: CHANGES TO CP AND CA FOR AM DEFICIENT, PL 
DEFICIENT, ACL RUPTURED AND ACL RS KNEES THROUGHOUT GAIT 
 
0% of Gait 
 
Figure 39: CP of tibial cartilage at 0% of Gait. 
 
Figure 40: CP of femoral cartilage at 0% of Gait. 
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Figure 41: CA of tibial cartilage at 0% of Gait. 
 
Figure 42: CA of femoral cartilage at 0% of Gait. 
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5% of Gait 
 
Figure 43: CP of tibial cartilage at 5% of Gait. 
 
Figure 44: CP of femoral cartilage at 5% of Gait. 
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Figure 45: CA of tibial cartilage at 5% of Gait. 
 
Figure 46: CA of femoral cartilage at 5% of Gait. 
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15% of Gait 
 
Figure 47: CP of tibial cartilage at 15% of Gait. 
 
Figure 48: CP of femoral cartilage at 15% of Gait. 
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Figure 49: CA of tibial cartilage at 15% of Gait. 
 
Figure 50: CA of femoral cartilage at 15% of Gait. 
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30% of Gait 
 
Figure 51: CP of tibial cartilage at 30% of Gait. 
 
Figure 52: CP of femoral cartilage at 30% of Gait. 
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Figure 53: CA of tibial cartilage at 30% of Gait. 
 
Figure 54: CA of femoral cartilage at 30% of Gait. 
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46% of Gait 
 
Figure 55: CP of tibial cartilage at 46% of Gait. 
 
Figure 56: CP of femoral cartilage at 46% of Gait. 
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Figure 57: CA of tibial cartilage at 46% of Gait. 
 
Figure 58: CA of femoral cartilage at 46% of Gait. 
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60% of Gait 
 
Figure 59: CP of tibial cartilage at 60% of Gait. 
 
Figure 60: CP of femoral cartilage at 60% of Gait. 
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Figure 61: CA of tibial cartilage at 60% of Gait. 
 
Figure 62: CA of femoral cartilage at 60% of Gait. 
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